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SUMMARY

The drags created by the overboard discharge of the excess inlet airflow
during acceleration and of the inlet bleed air during cruise are critical fac-
_ tors in determining the performance of long-range supersonic cruise airplanes.
Bypassing some of the excess air to the ejector during acceleration can reduce
very significantly the excess air drag. Bleed drag reductions during cruise
are attainable by tailoring of bleed and vortex-generator systems to increase
the pressure recovery for a given bleed flow, by ducting flow to the ejector,
and by surface injection to reduce the skin friction.

The cruise inlet pressure recovery which results in maximum airplane per-
formance is strongly influenced by bleed drag. Unless the bleed drag can be
made quite small, the potential performance benefits associated with oper-
ating the inlet at its maximum pressure recovery are nét achievable.

INTRODUCTION

For long-range supersonic cruise airplanes such as the supersonic trans-
port (SST) the payload is very sensitive to drag. Quite literally this situ-
ation has made it necessary to fight for every drag count and to examine
closely potential methods of reducing each drag item. Such an examination
must include the drags created by the discharge of the excess inlet and
boundary-layer bleed air. In this paper these sources of drag are considered
and known methods of reducing the associated performance penalties, either by
optimization or drag reduction techniques, are reexamined. Few, if any, new
concepts are suggested to those who are closely associated with the design of
propulsion systems.

SYMBOLS
A area, £te
Ac inlet capture area, ££2
Cy nozzle velocity coefficient "
D drag, 1b
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F engine net thrust, lb

m airflow, lb/sec

‘M Mach number

P, total pressure, 1b/ft2

q dynamic pressure, 1b/ft2
Subscripts:

dis discharged air

no

engine face

o free stream
INLET-ENGINE AIRFLOW MATCHING

As a starting point for this discussion the typical inlet-engine airflow
matching characteristics for the supersonic transport are reviewed in figure 1.
The ordinate is the conventional mass-flow ratio term in which the various air-
flow quantities, denoted by m, are referenced at each Mach number to mAc,

the airflow in a stream tube with an area equal to the inlet area A.. At the

design Mach number of 2.7, the inlet is sized to satisfy the airflow require-
ments of the engine, cabin air-conditioning system (narrow unshaded strip),
nozzle cooling, inlet boundary-layer bleed, and the bypass control system. At
Mach numbers below the design value, the airflow requirements decrease signig-
icantly as shown by the lower heavy line. The amount of air delivered by the
inlet also decreases, as indicated by the upper heavy line, because of the
shock spillage ahead of the inlet lip. The inlet, however, supplies more air
than the system requires and the excess air, which is called bypass in the fig-
ure, must be discharged overboard as illustrated in the left schematic sketch
at the top of the figure.

Typical values of the drag coefficient which are created by discharging
overboard the spillage, bypass, and inlet bleed air are shown in figure 2. The
drag coefficient is based on the inlet area A,. At cruise conditionms,

M, = 2.7, most of the drag originates from the boundary-layer bleed air. At
lower speeds, the drag coefficient is considerably larger and is primarily due
to the spillage and bypass air. The drag level is equivalent to about 3 per-
cent of the total airplane drag at cruise and to 8 or 9 percent at transonic
speeds. If the bleed and bypass drag could be completely eliminated during the
cruise portion of the flight, the total mission fuel consumption for a

500 000-pound SST airplane with typical aerodynamics would be reduced about
4500 pounds. This is a significant fuel saving when compared with the

40 000-pound payload. (A similar study is contained in ref. 1.) Elimination
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of all the spillage, bypass, and bleed drag during the acceleration portion of
the flight would reduce the fuel consumption by an additional amourit of about
2000 pounds, or somewhat less than one-half of the 4500-pound cruise fuel incre-
ment. The acceleration fuel increment due to a given level of drag, such as
that given in figure 2, can vary by large amounts, depending on the airplane

and engine characteristics and the flight-path restrictions. The primary con-
trolling factor is the thrust-minus-drag margin of the airplane. As the thrust-
minus-drag margin decreases the fuel increment will increase. Generally, the
acceleration fuel increment is small for the SST, but it can be large if the
thrust-minus-drag margin becomes too small. :

DRAG REDUCTION DURING ACCELERATION

Several approaches may be used to reduce the discharged-sir drag during
acceleration. (See refs. 2, 3, and 4.) At transonic speeds a trade-off is
normally made between the amount of air spilled and bypassed so that the result-
ant drag is minimized. A primary problem here is the accurate assessment of the
spillage drag because of the difficulty of determining the drag reduction due
to suction forces on the lip and forward portion of the cowl. This subject is
discussed in paper no. 12 by Anderson, Petersen, and Sorensen.

The excess-air drag may be significantly reduced by ducting a portion of
the bypass air around the engine into the variable-area ejector nozzle. - The
reason that such an improvement can be achieved is shown in figure 3. The
ordinate is an incremental force divided by the free-stream dynamic pressure
and the free-stream tube area of the bypass air. When the air is discharged
through a typical bypass nozzle, the drag coefficient indicated by the shaded
area labeled "bypass nozzle" is produced. Analysis of data presented in ref-
erence 5 indicates that when the bypass air is discharged as secondary air
through the engine ejéctor nozzle the nozzle performance may actually be
impgroved and an increase in net thrust produced. The magnitude of the net
thrust increase is indicated by the shaded area labeled "engine ejector nozzle."
The net thrust-coefficient increment is largest at transonic speeds where the
thrust-minus-drag margin is normally smallest. To illustrate the potential
benefits of bypassing air to the nozzle, the discharged-air drag presented in
figure 2 was recomputed for the case in which a portion of the bypass air
(fig. 1) equal to 5 percent of the engine air was exhausted through the ejector
nozzle. The lower drag level reduced the acceleration fuel consumption incre-
ment by about 40 percent.

Several comments should be made with regard to the use of the bypass air
in the ejector nozzle. TFirst, the amount of air which can be efficiently used
in this manner will be determined by the nozzle pumping characteristics. At
present only a limited amount of data is available for determining these char-
acteristics for high-efficiency nozzles. Second, ducting the bypass air around
the engine to the nozzle will probably require an increase in frontal area of
the nacelle and an increase in nacelle weight. However, because of the favor-
able wing-nacelle interference effects which are known to be achievable during
cruise, the increase of nacelle frontal area will not necessarily result in an
adverse effect on overall performance.
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OPTIMIZATION OF INLET PERFORMANCE DURING CRUISE

It may be recalled from the previous discussion that during the cruise
portion of the flight the total mission fuel increment attributable to bleed
and bypass drag was about 4500 pounds. About three-fourths of this fuel incre-
ment, or 3400 pounds, is due to the bleed drag.

One approach to the bleed drag problem is to make a trade~off between
inlet pressure recovery and bleed drag so that airplane performance is maxi-
mized. A thorough optimization of this type involves a complex procedure but
the basic concept can be illustrated by the very simplified method outlined as
follows (see also ref. 6):

Objective: Minimize fuel flow

Fuel flow = Thrust X Specific fuel consumption

Thrust = Dposie airplane * Dbypass + Dbleed

Specific fuel consumption = f(Phrust, EEJE)

Pt e

Since the airplane is at cruising conditions the performance may be Jjudged
on the basis of fuel flow. Hence, the objective is to minimize the fuel flow.
In other words, the product of thrust and specific fuel consumption must be
minimized. Since thrust must equal drag the thrust is equal to the sum of the
drag of the basic airplane (which does not change with pressure recovery) and
the drag of the bleed and bypass flows. Specific fuel consumption is a func-
tion of the thrust and the inlet pressure recovery.

This procedure can be further understood by the use of the typical set of
inlet-pressure-recovery data (fig. 4) which were obtained by the Ames Research
Center at a Mach number of 3. Inlet pressure recovery is plotted as a function
of inlet mass-flow ratio. The inlet is an axisymmetric design. The boundary-
layer-bleed configuration consists of annular rows of holes located on the
centerbody and cowl in the supersonic diffuser and at the inlet throat. The
bleed air from the centerbody passes through struts to reach the external sur-
face of the nacelle. Bleed mass-flow and pressure recovery were measured for
each of these four sets of bleed holes concurrent with the inlet recovery and
mass-flow measurements. The data presented in figure 4 indicate that as the
pressure recovery decreases the bleed flow decreases. Hence the bleed drag and
the required engine thrust decrease. On the other hand, the engine specific
fuel consumption increases as pressure recovery decreases. Since the specific
fuel consumption and thrust vary in opposite directions as the pressure recovery
changes a minimization of the fuel flow may be possible.

It should be mentioned that in an optimization of this type the inlet size
decreases as the pressure recovery decreases because the inlet is sized at each
value of pressure recovery to match the decreasing airflow requirements of the
engine, bleed system, and bypass control system (2 percent of inlet flow). For
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example, in the optimization study which follows only the portion of the curve
in figure 4 extending from pressure-recovery values of 0.923 to 0.887 is con-
sidered. The corresponding reduction in inlet capture area is 6.4 percent.

The drag created by discharging the bleed air depends on the exit nozzle
configuration. (See appendix.) The drag values presented as a function of
inlet pressure recovery in figure 5 were calculated by assuming that the air
was discharged through four sonic nozzles with nozzle velocity coefficients
of 0.985. The total pressure of the bleed air removed from the supersonic dif-
fuser varied from 0.12 to 0.20 of the free-stream total pressure. The corre-
sponding values for the air removed from the inlet throat region varied from
about 0.24 to 0.43. The amount of bleed air was established by sizing the
inlet to supply the air required by typical SST turbojet and turbofan engines
operating at 65 000 feet. At the highest inlet pressure recovery the bleed
drag is about 1130 pounds for the turbofan engine and 800 pounds for the turbo-
Jet. These values decrease about 20 percent when the design inlet pressure
recovery decreases from 0.923 to 0.887.

The bypass-control-air drag was computed in a similar manner by assuming
a pressure-recovery value of 0.95 of the inlet recovery. These drag values
(not presented in fig. 5) are about 14 percent of the bleed-drag values at the
highest pressure recovery and decrease slightly as the pressure recovery is
reduced because of the decreasing inlet size.

The fuel flow variations for both engines are shown in figure 6. Fuel
flow, expressed in pounds/hour/éngine, is plotted as a function of inlet pres-
sure recovery. The basic airplane drag, which does not vary with inlet pressure
recovery, has been assumed to be equal to the minimum sugmented or lO-percent
augmented thrust output of each engine at an inlet pressure recovery of 0.923.
The fuel flow of the turbofan engine is essentially constant over the range of
inlet pressure recoveries considered. There is some increase in the turbojet
fuel flow as pressure recovery decreases. This increase is larger for the
10-percent augmented case and amounts to about 220 pounds/hour/engine. The
results of a complete optimization would account for other effects, such as
inlet weight and skin-friction drag, spillage and bypass-air drag during accel-
eration, and nacelle-airframe wave-drag interference. Inclusion of these
effects could very well alter the fuel-flow curves to favor, more than is shown
in figure 6, the inlet designed for operation at the lower pressure recoveries.
The point to be made from these curves is that a significant performance pen-
alty does not necessarily result when the propulsion system is designed to
operate at less than the maximum recovery attainable with a given inlet. Fur-
thermore, other factors, such as internal-flow stability and hot-day operation,
may be improved by the selection of the lower recoveries as the design point.

It is of interest to carry the study one step further and note the effect
on fuel flow of increasing the inlet maximum pressure recovery (fig. 7) by
reducing the back pressure on the throat boundary-layer bleed holes. The dis-
cussion thus far has been based on a configuration which attained a maximum
pressure recovery of 0.923. Decreasing the back pressure increased the maxi-
mum pressure recovery to 0.934 and increased the amount of bleed at a given
recovery.
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The corresponding fuel-flow curves for the turbojet engine are shown in
figure 8. At a given value of pressure recovery the fuel flow is less for the
inlet which has the lower maximum recovery. This difference would be expected
because of the lower bleed flows of this inlet. The most interesting point to
note in figure 8 is that the minimum fuel flow of the higher recovery inlet
exceeds that of the lower recovery inlet over most of the pressure recovery
range considered. Admittedly the differences are small but the point can
nevertheless be made that the best inlet for a cruise vehicle cannot be selected
solely on the basis of maximum attainable pressure recovery. As will be empha-
sized later, one should not conclude from this analysis that the attainment of
high pressure recovery is not an important inlet research goal. The research
challenge is to obtain the high recoveries with low rates of bleed flow. This
may be accomplished by such methods as detailed tailoring of the bleed system
and of the vortex-generator patterns in the subsonic diffuser. This area of
research is discussed in paper no. 11 by Sorensen, Anderson, Wong, and Smeltzer.

As is discussed more completely in the appendix, the slope and level of
the fuel-flow curves (fig. 8) are dependent on the relationship between bleed
drag and inlet pressure recovery. For example, if the bleed drag could be
completely eliminated the fuel-flow level would be lower and the variation with
pressure recovery would be greater than for the cases previously discussed. At
the high recoveries the level is decreased by about 7 percent. A comparison of
these curves emphasizes the importance of minimizing the bleed drag. Reduction
of the bleed drag allows more of the potential benefits due to the higher inlet
pressure recoveries to be realized.

DRAG REDUCTION DURING CRUISE

One potential method of reducing the bleed drag which is independent of
inlet improvements is to duct the air around the engine and discharge it into
the ejector nozzle. The associated drag penalty is shown in figure 9. In this
figure the drag of the bleed air referenced to the free-stream dynamic pressure
and the free-stream tube area of the bleed air is plotted as a function of
bleed-air pressure recovery. The drag coefficient produced by discharging the
air through a sonic nozzle is shown by the solid line. The shaded area indi-
cates the drag which might result from discharging the air through the engine
ejector nozzle. This area is bounded by the performance of two typical, high
efficiency, SST nonafterburning nozzle configurations. (See ref. 5.) It
appears possible that with a proper nozzle design the bleed air might be dis-
charged with no significant drag penalty.

In paper no. 30, Peterson and Monta discuss injection of the bleed air
into the nacelle boundary layer in such a manner that the nacelle skin friction
is reduced. Based on the limited amount of data now available (ref. 7) the
drag coefficient which results from using the air in this manner at a Mach num-
ber of 3 is about 0.2 to 0.3. The research conducted to date, however, has not
been adequate to predict the maximum drag reductions attainable by this
technique.
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CONCLUDING REMARKS

Critical drag items are the drag created by the overboard discharge of the
excess airflow during acceleration and the discharge of the inlet bleed flow
during cruise. If the bleed flow is discharged overboard in a conventional
menner the associated total mission fuel consumption increment is about
3400 pounds for a typical SST configuration.

Bypassing ailr to the ejector during acceleration is an efficient method
for disposal of the excess airflow. This method of drag reduction is of par-
ticular interest when the acceleration thrust-minus-drag margin is small.

The cruise inlet pressure recovery which results in maximum airplane per-
formance is strongly influenced by bleed drag. Unless the bleed drag can be
made quite small, the potential performance benefits associated with operating
the inlet at its maximum pressure recovery are not achievable.

Bleed drag reductions during cruise are attainable by tailoring of bleed
and vortex-generator systems to increase the pressure recovery for a given
bleed flow, by ducting flow to the ejector, and by surface injection to reduce
skin friction. All these approaches have merit, and use of them should result
in improvements in overall airplane performance.
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APPENDIX
INSTALLED DRAG OF DISCHARGED-AIR NOZZLES

The drag created by discharging air from various types of nozzles has been
studied both theoretically and experimentally (refs. 8 to 13). References 8
and 9 consider the problem in detail and correlate the measured drags with
drags predicted from pressure distributions calculated by the method of charac-
teristics. By using the data presented in reference 8 and extending the method
when necessary the drag characteristics of a series of representative nozzles
have been calculated at M = 2.94 and are presented in figure 10. The drag

is referenced to the free-stream tube area of the air being discharged and is
plotted as a function of the total pressure recovery of the discharged air.
The local external flow was assumed to be at free-stream conditions. These
drag characteristics include all the thrust and pressure forces acting on the
nozzle surfaces and the pressure forces on the external surface of the door.
The nozzle velocity coefficient was assumed to be 1 for all configuratioms.
The flush and axial configurations have no door drag. The axial sonic and
axial complete-expansion nozzles are included for reference purposes since, in
the past, these configurations have been a convenient basis for determining
discharged-air drag.

Two practical sonic nozzle configurations are considered in figure 10.
For both the flush and external door designs the flow is discharged at a .
50 angle and the sonic throat was assumed to be located at the lip which term-
inates the upper surface or door. Both of these nozzles result in drag levels
which are higher than that of the axial sonic nozzle.

The partly submerged, complete-expan51on nozzle discharging at a 5 angle
is an optimum design for 5 fully expanded nozzles. At values of total pressure
recovery less than 0.25 its drag is greater than that of the axial sonic nozzle.
At high values of total pressure recovery use of this type of nozzle results in
a drag level which is quite low.

The optimization study presented in figure 6 was based on the bleed and
bypass drag generated by axial sonic nozzles with a nozzle velocity coefficient
of 0.985. Most of the discharged-air drag is created by the bleed air which
had pressure-recovery values from 0.12 to 0.43. Hence, the assumption of sonmic
nozzle drag is reasonable, although the resultant drags may tend to be somewhat
too large.

Figures 11 and 12 have been prepared to indicate the effects which the
assumptions regarding the bleed and bypass drags may have on the optimization
results presented in figure 6. Figure 11 is a comparison of the bleed drag for
the sonic and complete-expansion nozzles. (It should be noted that the
complete-expansion nozzle underestimates the discharged-air drag and may there-
fore be thought of as a limit-type curve.) The assumption of a complete expan-
sion nozzle decreases the bleed drag at the highest recovery by about 36 per-
cent and also reduces the slope of the drag curve. The corresponding fuel-flow
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curves for the turbojet engine are compared in figure 12. The complete-~
expension-nozzle assumption decreases the fuel flow at a given value of inlet
pressure recovery, as would be expected, and the fuel flow increases at a more
rapid rate as the design inlet pressure recovery is reduced.

Figure 12 indicates quite clearly that the slope and level of the fuel-
flow curves are dependent on the relationship between bleed-air drag and inlet
pressure recovery. As the bleed drag for a given inlet is reduced the slopes
of the fuel-flow curves change in such a manner that the optimum recovery tends
to approach the maximum value. It must be remembered, however, that when a
complete optimization is made this trend may not be as definite as shown in
figure 12.
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DRAG REDUCTION DURING ACCELERATION
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CALCULATED BLEED-AIR DRAG
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AXISYMMETRIC-INLET PERFORMANCE
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DRAG REDUCTION DURING CRUISE
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